AFHRL-TR-79-18 


SIMULATOR  FOR  AIR-TO-AIR 
COMBAT  MOTION  SYSTEM  INVESTIGATION 


John  A.  Seevers 

Mechanical  Engineering  Department 
California  State  Polytechnic  University 
Pomona,  California  91768 


Robert  L.  Makinney 

FLYING  TRAINING  DIVISION 
Williams  Air  Force  Base,  Arizona  85224 


Approved  for  public  release;  distribution  unlimited 


LABORATORY 


AIR  FORCE  SYSTEMS  COMMAND 

BROOKS  AIR  FORCE  BASE ,TEXAS  78235 


NOTICE 


i 


' 


V 


When  U.S.  Government  drawings,  specifications,  or  other  data  are  used 
for  any  purpose  other  than  a defmitely  related  Government 
procurement  operation,  the  Government  thereby  incurs  no 
responsibility  nor  any  obligation  whatsoever,  and  the  fact  that  the 
Government  may  have  formulated,  furnished,  or  in  any  way  supplied 
the  said  drawings,  specifications,  or  other  data  is  not  to  be  regarded  by 
implication  or  otherwise,  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights  or  permission  to 
manufacture,  use,  or  sell  any  patented  invention  that  may  in  any  way 
be  related  thereto. 

This  final  report  was  submitted  by  Hying  Training  Division,  Air  Force 
Human  Resources  Laboratory,  Williams  Air  Force  Base,  Arizona  85224, 
under  project  1123  with  HQ  Air  Force  Human  Resources  Laboratory, 
Brooks  Air  Force  Base,  Texas  78235.  Mr.  Robert  L.  Makinney  (FTO) 
was  the  Principal  Investigator  for  the  Laboratory. 

This  report  has  been  reviewed  by  the  Information  Office  (01)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS).  At 
NTIS,  it  will  be  available  to  the  general  public,  including  foreign 
nations. 


This  technical  report  has  been  reviewed  and  is  approved  for  publication. 

DIRK  C.  PRATHER,  Lieutenant  Colonel,  USAF 
Technical  Advisor,  Hying  Training  Division 

RONALD  W.  TERRY,  Colonel.  USAF 
Commander 


Unclassified 

SECURITY  CLASSIFICATION  of  This  PAGE  flFhfi  Data  Entered) 

f REPORT  DOCUMENTATION  PAGE 


2.  GOVT  ACCESSION  NO. 


| If-  JaFHRL-TR-79-18 • 

> « T|Ii.E .imm*  . /'. 

/P  r SIMULATOR  FOR  AIR-TO-AIR  COMBAT  MOTION  SYSTEM  ' [ Q 
6?  INVESTIGATION*"  3^  2^  -S-  ^ / VJ, 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 

3 HEClPl  ENT'S  CATALOG  NUMBER 


7 AuTuom*  — 

\ John  A.jSeevers 



9 PERFORMING  ORGANIZATION  NAME  AND  ADORES* 

Flying  Training  Division 

Air  Force  Human  Resources  Laboratory 

Williams  Air  Force  Base,  Arizona  85224 

I I CONTROLLING  OFFICE  NAME  AND  ADDRESS 

HQ  Air  Force  Human  Resources  Laboratory  (AFSC) 
Brooks  Air  Force  Base,  Texas  78235 


6 PERFORMING  ORG-  REPORT  NUMBER 


B CONTRACT  OR  GRANT  NUMBE  R(  •) 


10  PROGRAM  ELEMENT.  PROJECT.  TASK 
AREA  6 WORK  UNlT>mMBER3 


rtSS,.  Oil 


JuW-P*79 


MONITORING  AGENCY  NAME  ft  ADDRESSf/f  different  from  Controlling  Ollire)  I IS  SECURITY  CLASS,  (ol  thla  report) 


(h  j ^ r _ 

16  DISTRIBUTION  STATEMENT  ( ot  thla  Report) 

Approved  for  public  release,  distribution  unlimited. 


Unclassified 

~1S»  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 


I 17  DISTRIBUTION  STATEMENT  (ol  the  ahatract  entered  In  Block  JO,  II  dlllerent  from  Report) 


18  SUPPLEMENTARY  notes 


I 19  KEY  WORDS  (Conffnu#  on  revsrae  aide  il  neceaaary  and  Identity  by  block  number ) 


Simulator  for  Air-to-Air  Combat  (SA  AC) 
platform  motion 


"20  <frMTRACT  (Conffnu*  on  reverae  aide  II  neceaaary  and  Identity  by  block  number) 

"*This  investigation  was  conducted  to  evaluate  the  Simulator  for  Arr-to-Air  Combat  (SAAC)  motion  system 
response  to  known  input  signals,  to  observe  platform  movements,  to  measure  leg  extension  velocities  and 
accelerations,  and  to  establish  delay  lags  through  the  system  electronics  and  hydraulics.  Signal  voltages  at 
pre-established  levels  were  input  by  a signal  generator  at  the  analog-to-digital  converter  simulating  pilot's  control 
stick  movements.  Resulting  platform  movement  was  recorded  on  strip  chart  recorder  measuring  accelerations  and 
final  positioning  from  six  linear  and  angular  accelerometers  mounted  beneath  the  motion  platform.  Several 
noticeable  factors  were  revealed  that  contribute  to  the  status  of  the  motion  platform  being  less  than  representative 
of  motion  of  the  aircraft.  First,  the  motion  platform  lags  the  input  command  by  a noticeable  amount  The 


DD  1473  COITION  OF  I NOV  SS  IS  OBSOLETE 


Unclassified 

security  cl»ssific»tion  of  this  page  n... 


Unclassified 


SECURITY  CLASSIFICATION  OF  THIS  P AGEfRTt*/!  Omit  EnCfd) 


Item  20  (Continued) 

platform's  motion  is  about  a multiple  set  of  axes  rather  than  a single  axis  as  the  command  would  direct.  Also, 
because  of  physical  constraints  on  the  si/e  of  the  system,  the  magnitude  and  deviation  of  the  motion  are  limited.  A 
fourth  major  problem  is  that  when  the  excursion  is  near  the  maximum  allowable,  the  motion  is  stopped  too 
abruptly,  and  this  stopping  is  readily  perceived  by  the  pilot  (the  washout  problem).  ^ 


Unclassified 


SECURITY  CLASSIFICATION  of  This  PAGE'»F»n  />•!•  Fnl.r.d) 


SUMMARY 


Objective 

The  objective  of  this  study  was  to  investigate  the  fidelity  of  the  Simulator  for  Air-to-Air  Combat 
(SAAC)  motion  system  responses  to  inputs  simulating  control  stick  movements  by  the  pilot  in  the 
simulator. 

Approach 

Platform  motion  accelerations,  velocities,  and  positions  resulting  from  controlled  electrical  signal 
inputs  were  measured  and  computed  to  investigate  system  response. 
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Background 

This  study  follows  a number  of  similar  ettorts  conducted  on  other  simulators,  in  particular,  the 
Advanced  Simulator  for  Pilot  Training  (ASPT).  evaluating  both  the  effectiveness  and  fidelity  of  motion 
systems  in  visual  flight  simulators. 

Specifics 

Controlled  electrical  signals  were  input  through  system  electronics  at  the  analog-to-digital  converter 
(Al)C)  to  simulate  control  stick  movements.  Resulting  motion  platform  accelerations  were  then  recorded 
by  linear  and  angular  accelerometers  strategically  mounted  along  the  body  axis  of  the  simulator  and  at  its 
centroid.  Lags  in  response  time  between  command  signals  and  platform  movement  were  recorded,  and  final 
platform  position  was  measured  as  a function  of  leg  length  extensions.  Velocities  to  achieve  final  position 
were  computed.  A comparative  evaluation  of  responses  of  each  leg  disclosed  discrepancies,  including 
excessive  lag  times  and  cross-coupling  between  movements,  that  indicate  errors  exist  in  movement  of  the 
platform.  This  would  suggest  that  erroneous  onset  cues  are  provided  the  pilot,  tending  to  compound  further 
the  dilemma  of  the  utility  of  motion  systems  employed  on  visual  system  simulators. 


Conclusion 

The  conclusion  drawn  from  this  investigation  was  that  the  fidelity  of  the  SAAC  motion  system  is 
suspect,  and  before  use  of  the  platform  motion  is  continued  for  whatever  purpose,  training  or  research,  a 
major  updating  of  the  system  should  be  performed.  Regardless  of  its  degree  of  fidelity,  however,  there 
remains  a reasonable  doubt  as  to  how  well,  if  at  all.  the  motion  system  onset  cueing  scheme  contributes  to 
simulator  effectiveness. 
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The  technical  effort  included  in  this  report  was  conducted  by  Dr.  John  A.  Seevers 
as  a part  of  the  l‘>77  USAF/ASKF  Summer  Faculty  Research  Program,  approved  by  the 
Air  Force  Office  of  Scientific  Research.  The  intent  of  pursuing  this  investigation  was  to 
evaluate  the  responses  of  the  motion  system  for  the  Simulator  for  Air-to-Air  Combat 
(SAAC)  to  controlled  signal  inputs,  and  characterize  those  responses  to  define  the 
frequency  domain  in  which  the  system  is  capable  of  functioning.  Should  operation  of  the 
motion  system  be  required  for  some  future  operational  task  or  investigation,  the 
recommendations  of  this  report  include  action  to  he  considered  to  enhance  the  reliability 
and  fidelity  of  the  system’s  response. 

This  is  to  acknowledge  the  efforts  of  Dr.  Seevers  in  conducting  essentially  all  of  the 
work  in  this  investigation.  His  technical  approach  and  findings  have  not  been  altered. 
Only  the  statements  used  in  the  text  of  Dr.  Seever  s report  alluding  to  the  utility  of 
motion  systems,  pci  se,  was  edited.  Recent  studies  on  the  motion/no  motion  issue  tend  to 
deny  any  positive  contribution  of  the  platform  motion  system,  relative  to  highly 
maneuverable  fighter  and  trainer-type  aircraft.  That  a platform  motion  system,  when 
performing  properly,  i.e„  according  to  design,  will  enhance  the  utility  of  the  simulator  by 
providing  onset  motion  cues  that  will  be  beneficial  to  the  pilot  is  still  an  unsolved  or 
unanswered  issue. 
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SIMULATOR  FOR  AIR-TO-AIR 
COMBAT  MOTION  SYSTFM  INVESTIGATION 


I.  INTRODUCTION 

The  Simulator  for  Air-to-Air  Combat  (SAAC)  was  designed  to  provide  pilots  with  a realistic 
experience  in  training  for  air  combat  engagements.  In  addition  to  the  visual  images  displayed,  the  system 
has  motion  capabilities  that  allow  onset  motion  cues  to  be  presented.  These  cues  are  short  duration 
velocities  and  accelerations  of  the  motion  platform  and  were  designed  to  present  the  illusion  of  the  initial 
phases  of  entry  into  a maneuver.  The  motion  system  was  originally  intended  to  provide  a more  realistic, 
hence  a better,  training  environment  for  pilots  operating  the  system. 

The  SAAC  consists  of  two  F4E  cockpits  mounted  one  each  on  60-inch  stroke,  synergistic  six 
degrees-of-freedom  motion  systems.  Cockpit  movement  is  based  upon  the  computed  six  degrees  of  aircraft 
motion  freedom  and  is  correlated  with  the  motion  of  the  simulated  aircraft.  All  aircraft  stability  derivatives 
are  accounted  for  in  such  a manner  that  aircraft  movement  in  any  degree  of  freedom  will  influence 
movement  along  or  about  the  axes  of  the  motion  system.  The  sensations  of  motion  are  intended  to  be 
representative,  as  nearly  as  possible,  of  sensations  experienced  in  the  operational  aircraft. 

In  addition  to  being  used  as  a research  tool,  the  SAAC  is  being  used  as  a training  device  for  F-4E 
pilots  as  part  of  their  normal  training  sequence.  Presently,  the  motion  system  has  been  found  to  differ 
significantly  from  sensations  experienced  in  the  actual  aircraft.  In  fact,  instructor  pilots  actually  feel  that 
better  training  is  accomplished  with  the  platform  motion  system  turned  off.  Hence,  the  motion  system  is 
not  presently  used  in  pilot  training. 

As  a first  step  toward  characterizing  the  existing  system,  it  was  necessary  to  develop  a program  to 
accurately  describe  the  dynamics  of  the  system.  This  characterization  assumes  added  importance  in  light  of 
tests,  conducted  for  the  Scientific  Advisory  Board,  that  seem  to  indicate  exceptionally  long  system  lags 
between  an  input  and  the  resulting  motion.  These  tests  conducted  on  the  SAAC  also  suggest  somewhat 
irregular  behavior  of  the  motion  platform  (Note  1 ). 


II.  OBJECTIVES 

The  primary  objective  of  this  investigation  is  to  document  the  motion  of  the  existing  system  in  a state 
of  adjustment  that  is  consistent  with  that  normally  seen  by  student  pilots  and  to  compare  this  performance 
" <th  established  criteria.  Additional  objectives  are  to  establish  important  parameters  that  adequately 
describe  the  system,  establish  the  equipment  necessary  to  monitor  the  system,  recommend  a test  procedure 
to  check  the  motion  platform  for  faithfulness,  and  identify  weak  areas  where  the  system  needs  to  be 
improved. 


III.  BACKGROUND  AND  MOTION  PLATFORM  DESCRIPTION 


Block  Diagram  Representation 

A block  diagram  of  the  basic  components  that  comprise  the  motion  system  is  shown  in  Figure  1. 
Cockpit  control  movements  are  transformed  to  electrical  analog  signals  and  then  digitized  by  an 
analog-to-digital  converter  (ADC)  at  a frequency  of  20  iterations  per  second.  The  digitized  control  inputs 
are  fed  into  the  flight  equation'  which  are  updated  20  times  per  second.  The  output  of  this  block  is  a series 
of  digital  signals  that  represent  aircraft  position  and  velocity  and  acceleration,  both  linear  and  angular 
These  signals  are  then  fed  into  a program  that  computes  platform  leg  lengths  (at  10  times  per  second)  and 
are  converted  to  analog  signals  by  the  digital-to-analog  converter  (DAC)  at  20  times  per  second.  These 
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analog  signals  lor  the  legs  then  are  processed  as  analog  signals  hy  the  motion  electronics  cabinet  which 
produces  a reference  signal  that  is  nulled  out  when  the  platform  achieves  the  desired  attitude.  As  a result, 
the  platform  accelerates,  and  a position  change  can  be  noted. 


Figure  1.  SAAC  motion  system  block  diagram. 


In  light  of  the  block  diagram  in  Figure  I , the  primary  intent  of  the  present  investigation  C3n  be 
restated,  describe  the  system  dynamics  of  the  pertinent  blocks  individually  and  of  the  overall  system.  All 
blocks  taken  together  would  be  the  through-system  dynamics  from  the  stick  input  to  the  platform  motion 
as  the  output.  In  the  limited  investigation  undertaken  here,  it  was  felt  that  greatest  emphasis  should  be 
placed  on  instrumenting  and  documenting  the  right-hand  half  of  the  block  diagram,  i.c.,  from  the  motion 
platform  driving  software  package  through  the  resulting  platform  motion. 
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r L l form  Acceleration  Equations 

Before  instrumenting  the  platform,  tire  acceleration  equations  for  any  point  on  the  platform  need  to 
be  established.  Also,  the  angular  acceleration  of  the  platform  needs  to  be  expressed  in  terms  of  lir.ar 
accelerations  of  points  on  the  platform.  Front  Meriant  ( 1971 ),  the  absolute  acceleration  of  any  point  P on  a 
translating  and  rotating  body  expressed  as  a vector 

ap  = a0  + ^xrp/0  + wx(  wxrp/0)  (1) 

where  0 is  any  other  point  on  the  same  rigid  body,  y and  u>  are  the  absolute  angular  velocity  and 
acceleration  of  the  rotating  body  and  rp/Q  is  the  vector  representing  the  distance  from  the  point  0 to  point 
P.  Using  aircraft  axes  with  X out  the  nose.  V out  the  right  wing,  and  Z down,  equation  1 can  be  expanded 
ii.'e 

an  = a0  + Z(q  * pi ) + Y(pq  r)  X(q2  + rJ ) (2) 

1 x x 

a = a0  + Z(qr  p)  Y(p2  + r2 ) + X(i  + pq)  (3) 

ry  y 

a = a()  Z(p2  + q2 ) + Y(p  + qr)  + X(pr  q)  t4) 

*l  / 

where  p.  q,  and  r are  the  aircraft  angular  velocities  while  \,  N . and  / are  the  coordinate  distances  from 
point  0 to  point  p.  Physically,  let  point  0 be  the  geometric  centroid  of  the  platform  and  point  pi  be  the 
location  ot  the  first  linear  accelerometer  and  p.-  be  the  location  of  the  second  linear  accelerometer.  Assume 
that  all  points  p and  0 are  in  the  same  X-Y  plane.  Find  the  angular  acceleration  p using  linear 
accelerometers.  Apply  equation  4 tw  ice  with  \,  = 0 \;  (accelerometers  mounted  on  the  y-axis),  subtract 

and  rearrange.  The  result  is  as  follow  s: 


(y I V; ) 

In  a similar  manner 


a ) qr 
1 /■. 


or  r = 


- — <Jp 

an 

1 + pr 

(X, 

X:)  '2 

s 

(y  i 

1 s 

v:l  Px2 

1 + pq 

< x, 

2— <>p 
x2)  lyi 

aPy: 

1 pq 

In  the  above  equations,  the  quantity  |\(  x.)  or  (yq  y2)  is  the  distance  between  the  mountings  for 

accelerometers  1 anil  2.  According  to  Singer's  specifications  on  the  SAAC  (The  Singer  Company,  1972),  the 
maximum  angular  velocities  are  IS  degrees/second.  Consequently,  the  product  of  angular  velocities  is  less 
than  0.06H  rad/sec2.  Furthermore,  if  motion  is  driven  about  one  axis  at  a time,  only  extraneous  angular 
velocity  terms  would  appear  at  all.  The  result  is  that  the  product  of  angular  velocity  terms  can  be  dropped 
Irom  the  angular  acceleration  equations,  leaving 


s 


(11) 


(12) 

be  found  using  an  analog  “summing’’  circuit. 

IV.  APPARATUS 

A plan  view  of  the  motion  platform  showing  the  locations  of  the  accelerometer  mounting  points  is 
shown  in  Figure  2.  All  accelerometers  are  mounted  within  1 inch  of  the  plane  defined  by  the  pivot  points. 
A complete  detailed  listing  of  the  test  equipment  used  to  monitor  the  motion  of  ’he  platform  is  in 
Appendix  A. 
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In  the  electronics  of  signal  processing  sense,  the  measurement  is  dealing  with  a very',  very  low 
frequency  phenomenon,  and  as  a result  any  deterioration  of  the  signals  due  to  the  monitoring  equipment  is 
not  expected.  The  linear  accelerometers  have  a natural  frequency  around  1 10  II/.  which  is  10  times  greater 
than  the  10  Hz  maximum  of  excitation  of  the  platform  for  the  experiments.  The  angular  accelerometers  list 
a natural  frequency  of  29  Hz.  which  indicates  deterioration  can  be  expected  to  start  above  6 or  7 Hz.  In 
actuality,  platform  response  deteriorates  so  badly  before  5 Hz  that  this  restriction  is  rather  academic.  The 
gain-filter  circuits  have  a one-half  power  frequency  of  30  Hz  which  is  also  well  above  meaningful  data.  In 
addition  to  the  equipment  shown  in  Appendix  A,  a “mixing  box"  was  utilized  to  facilitate  gathering  data 
and  switching  circuits. 

V.  PROCEDURE 

The  procedure  was  essentially  the  same  for  gathering  all  data:  (a)  use  the  signal  generator  to  establish 
the  input,  either  a sine  wave  or  an  extremely  low  frequency  square  wave  to  be  used  as  a step.(b)  monitor 
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1 (3PX  ~ aPx  > 

(y.  -y*>  x2  X1 


1 


•(aPv  ~ aPv 


(x,  - Xj)  "yi  y 2 

A difference  in  linear  accelerations  can  easily 


the  reference  signal  on  an  oscilloscope  and/or  the  brush  recorder,  and  (c)  record  the  system'^  or  subsystem  s 
responses  (displacements  or  accelerations)  on  the  brush  recorder  or  the  FM  recorder. 

During  testing,  it  was  found  that  if  accelerations  were  to  be  recorded,  the  air  conditioner  for  the 
platform’s  visual  system  had  to  be  turned  off.  It  generated  vibrations  that  were  transmitted  to  the  platform 
structure.  These  vibrations  created  extreme  noise  interterence  in  all  accelerometer  measurements. 


VI.  RKSULTS 

Numerous  tests  were  conducted  to  investigate  various  aspects  of  the  total  system.  Each  phase  of  the 
investigation  will  be  discussed  separately. 

Positions 

Five  separate  articles  of  information  were  gathered  in  this  series  of  tests.  First,  a common  analog  step 
input  signal  was  applied  at  the  motion  electronics  cabinet  bypassing  all  digital  computer  hardware.  Since  all 
legs  were  driven  with  the  same  signal,  it  was  expected  that  the  responses  would  be  identical.  The  results  for 
a step  input  of  -5  volts  to  +5  volts  are  in  Table  1 . The  accuracy  of  the  length  measurement  is  ± 1 /32  inch 
for  all  legs.  Considering  the  maximum  allowable  errors,  there  is  still  a discrepancy  of  7/16  inch  in  the 
extension  of  the  legs  for  an  identical  signal.  Extending  this  test  to  examine  velocity  for  a step  input  of  6 
volts  (approximately  16  inches),  the  output  displacement  calibrations,  maximum  velocity  of  each  ieg  and 
difference  in  leg  extensions  at  a nominal  point  halfway  into  the  step  are  shown  in  Table  2.  There  is  indeed  a 
considerable  difference  in  legs.  In  fact,  the  maximum  velocities  of  the  legs  differ  by  13  percent. 

Tabic  1.  Leg  Scale  Factors 


Leg  Scale  Factor 

Leg  Leg  Travel  (inch)  (in/volt-inch) 

25  15/16  2.5' 

25  2“/3 

3 26  9/32 

4 26  1 1 13 

5 25  27/32  2.584 

6 26  1/16  2.606 


Table  2 Leg  Maximum  Velocities 

Leg 

Displacement/Output 

(in/out) 

Max 

(in/sec)  t = 

1/2  Ht.  Diff.  (Inch) 

i 

1 .336 

14.04 

0 

1.316 

14.52 

0 

3 

- 

- 

- 

4 

1 .345 

15.83 

+0.3 

5 

1.316 

14.10 

+0.2 

6 

1.331 

15.16 

+0.6 

Front  the  data  in  Table  2,  the  different  slopes  can  be  seen,  as  well  as  different  values  of  the  legs,  at 
the  same  point  in  time.  The  data  also  show  that  the  motion  can  be  grouped  into  three  categories:  (a) 
acceleration  from  40  milliseconds  (ms)  to  104  ms  after  the  start  of  the  input,  (b)  a time  of  almost  constant 
velocity  (104  ms  to  666  ms)  and  (c)  a time  of  deceleration  (from  6%  ms  to  1.120  sec).  The  motion  has 
essentially  ceased  al  ter  1 I 20  seconds. 

An  additional  discrepancy  in  leg  velocities  was  noted  on  a test  when  the  motion  platform  software 
was  driven  with  a vertical  command,  and  the  inputs  to  the  motion  electronics  showed  the  maximum 
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velocities  of  legs  1 , 2,  4,  5,  and  6 to  be  about  140  in  see.  while  leg  3 » as  about  I 1 0 in/sec.  This  is  disturbing 
and  indicates  a definite  problem  in  the  software  or  the  DAC  In  other  modes  ol  motion,  this  could  produce 
extraneous  accelerations  of  the  platform. 

Another  positional  finding  was  that  in  yaw  the  angular  displacement  is  almost  linear  with  input.  The 
following  yaw  scale  factor  was  observed  for  inputs  of  0.1 . 0.2.  0.3,  and  0.4  volt,  respectively:  55.4. 

55.3,  56.4  and  56.S  degrees/volt. 

After  the  motion  of  the  platform  was  observed,  it  was  felt  that  it  would  be  beneficial  to  determine 
the  location  of  the  axis  about  which  an  angular  acceleration  was  occurring.  Consider  a profile  view. (Figure 
3)  showing  two  linear  accelerometers  with  an  angular  acceleration  such  as  to  produce  linear  accelerations 
along  the  sensitive  axis  of  the  accelerometers.  Let  d,  be  the  distance  from  accelerometer  ! to  the  point  of 
rotation  (may  be  positive  or  negative)  and  0 be  the  distance  between  accelerometers.  Note:  dj  = D + d,  . 


Figure  3 Location  of  axis  for  acceleratio  .. 


Let  A]  and  Aj  be  the  linear  acceleration  of  the  accelerometers  in  addition  to  that  of  point  0. 


Then 

and 


1 total 


= A,.  + A. 


A|  = d,a 
A 2 = d2a 


subtracting  \2  A,  = |d2  d,  ta  = Do 


substituting  and  solving  for  d,  we  have 
A i A!  x l) 

The  distance  D for  roll,  pitch,  and  yaw,  respectively,  is  12.17,  16.47.  and  16.04  feet,  and  the 
accelerometers  are  symmetrically  mounted  about  the  platform  geometric  centroid  (see  Figure  2). 

There  are  two  important  points  to  be  made  by  these  data.  First,  the  platform  is  pitching  about  a 
point  considerably  in  front  of  the  geometric  centroid,  and  second,  the  point  about  which  rotation  occurs  is 
not  constant,  i.e..  it  moves  around  to  a significant  extent  (see  Table  3).  The  first  point  is  consistent  with  the 
fact  that  the  platform  is  heavier,  and  the  center  of  gravity  is  farther  forward  than  originally  believed.  The 
center  of  gravity  being  further  forward  and  higher  than  originally  calculated  might  also  help  explain  the 
variation  of  rotation  point.  (The  manufacturer  reported  that  the  center  of  gravity  w as  6.22  feet  aft  ol  the 
forwai  2 pivot  and  4.43  feet  above  the  plane  of  pivots.) 


A 


/<;/>/(■  > Platform  Kotation  Points 


Reference 


Axis 

Accelerometer 

Positive  JerR 

a, 

Negative  Jerk 

Positive  Roll 

+Y 

(>.(>'» 

b.bb 

0.5‘> 

Negative  Roll 

+Y 

7 00 

5 ,6b 

3 .05 

Positive  Pitch 

+X 

8.24 

5.4‘> 

4.1M 

Negative  Pitch 

+X 

5.44 

h.54 

7.53 

Positive  Yaw 

+x 

8.02 

7.1  1 

8.60 

Negative  Yaw 

+.X 

8.5 

7.57 

8.02 

Dead  Time 

Dead  lime  refers  to  the  time  between  which  an  event  should  occur  without  any  system  delays  and  the 
time  the  event  actually  does  occur.  In  the  present  context,  it  refers  to  the  time  between  an  applied  step 
input  and  the  time  when  resulting  motion  occurs,  first  it  should  be  mentioned  that  on  one  test  an  8 ms 
difference  in  dead  time  was  observed  between  the  six  legs  when  a step  was  applied  to  the  motion  software 
program  and  the  leg  command  signals  were  monitored.  A discrepancy  this  large  was  observed  only  once  in 
about  15  tests,  but  even  at  this  low  rate,  could  prove  troublesome. 

The  data  clearly  show  the  difference  in  observed  dead  time  of  position  and  acceleration  for  the  same 
step  input.  This  step  input  to  heave  was  applied  at  the  motion  electronics  cabinet.  The  difference  between 
the  40  ms  position  is  a double  integration  of  acceleration  and  that  acceleration  would  have  to  occur  over 
some  period  of  tune  before  position  displacement  could  be  seen.  Is  pressed  another  way,  if  the  tune  rate  of 
change  of  acceleration  (ierk)  is  about  5g/sec,  then  it  it  is  assumed  that  0.005  inch  or  more  of  platform 
movement  can  be  seen,  it  would  take  about  25  ms  of  platform  acceleration  before  any  platform  motion  at 
all  could  be  seen.  This  would  be  an  additional  25  ms  dead  time  in  the  position  observation  over 
acceleration.  Consequently  . using  position  outputs  for  any  type  of  absolute  dead  time  investigation  is 
extremely  dangerous  at  best. 

Over  a series  of  25  step  inputs  to  the  Y.  /,  roll,  pitch,  and  yaw  axes,  the  observed  acceleration  dead 
times  range  from  0.080  to  0.168  second  with  an  uncertainty  for  each  reading  ol  about  0 .008  second.  I ven 
taking  into  account  this  uncertainty,  there  is  about  an  80  ms  difference  in  dead  time  lot  observed 
acceleration.  This  is  not  surprising  as  this  input  was  processed  by  the  software  program  at  the  rate  of  10 
times  per  second,  or  0.1  (X)  second  between  samples. 

Acceleration  Step  Responses 

At  this  point,  some  mention  should  be  made  of  what  values  are  appropriate  to  acceleration  levels  in 
order  to  present  a proper  cue  to  a pilot,  (.undry  (l‘>76)  established  the  fact  that  subliminal  levels  change 
depending  on  the  difficulty  of  the  tasks  being  performed  by  the  pilot.  As  air-to-air  combat  is  very 
demanding,  accepted  literary  values  may  not  be  applicable.  However,  due  to  tire  lack  of  better  data,  the 
generally  accepted  perception  values  of  0.08g  for  translational  and  0.01  rad/sec5  for  angular  accelerations 
will  be  used . A typical  value  for  subliminal  translational  |erk  value  is0.08g/scc. 

A series  of  acceleration  tests  were  conducted  where  the  motion  electronics  cabinet  was  driven  with  a 
step  input  to  determine  the  absolute  capability  of  the  physical  platform.  During  this  test,  two  linear 
accelerometers  were  mounted  on  the  platform,  one  8 Icet  forward  and  one  8 feet  aft  of  the  geometric 
centroid.  I or  a commanded  platform  step  of  7.2  inches  up.  the  front  accelerometer  showed  a maximum 
acceleration  ol  0.3Xg  and  a maximum  terk  of  6.8g/sec  while  the  back  accelerometer  showed  0.48g  and 
I l .2g  sec  hot  a platform  down  command,  the  front  showed  0.32g  and  7.lg/sec  while  the  back  indicated 
0.40g  and  I 2.5g/sec.  respectively.  The  duration  of  positive  acceleration  was  about  0.470  sec.  The  difference 
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be! ween  the  front  and  rear  accelerometer  indicates  a pitch  acceleration  coupling  of  0.235  rad/sec2 . This  is 
23  times  larger  than  threshold  values.  The  excessive  weight  and  forward  center  of  gravity  would  contribute 
to  this  problem.  Apparently,  Military  Standard  1558  establishes  the  requirement  that  the  longitudinal  and 
lateral  accelerations  should  be  at  least  ±0.6g,  with  the  vertical  being  at  least  ±0.8g.  Clearly  the  SAAC  does 
not  have  the  capability  to  even  come  close  to  this  level. 

Next,  the  motion  software  program  was  driven  with  a long  period  square  wave  to  generate  step 
responses  about  a neutral  platform  position.  The  results  are  summarized  in  Table  4.  It  should  be  pointed 
out  that  platform  up  is  +Z  motion  (as  opposed  to  down  for  aircraft  axes). 

In  Table  4,  jerk  was  determined  by  graphically  taking  the  slope  of  the  acceleration  curve  at  its 
steepest  point.  This  rapid  change  in  acceleration  would  manifest  itself  as  a change  in  seat  pressure  on  the 
pilot  and  should  be  quite  noticeable.  Washout  values  may  be  found  m the  table  for  a positive  motion  by 
looking  at  the  maximum  negative  value  for  the  acceleration  of  that  variable. 


Table  4.  Platform  Step  Responses 


Motion 

P 

Q 

r 

y 

l 

j«rk 

— 

♦ 

~ 

♦ 

— 

♦ 

- 

♦ 

♦ 

- 

♦ 

+5”Y 

.20 

.20 

.08 

.08 

.50 

.68 

.04 

.12 

.01 

.01 

.8 

1.9 

-5”Y 

.25 

.20 

.06 

.06 

.20 

.15 

.12 

.05 

.01 

.01 

2.0 

.5 

+ 10"Y 

.30 

.33 

.12 

.12 

.15 

.45 

.10 

.19 

.02 

.02 

2.4 

— 10"Y 

.35 

.33 

.06 

.06 

.15 

.20 

.19 

.1 1 

.01 

.01 

2.8 

.9 

“Noise 

Level" 

.08 

.03 

.04 

006 

.006 

+5’Z 

.19 

.19 

.08 

.12 

.18 

.18 

.01 

.02 

.04 

.14 

.8 

4.4 

5"Z 

.15 

.10 

.16 

.08 

.20 

.35 

.02 

.02 

.16 

.04 

2.7 

1.1 

+ 10"Z 

.35 

.25 

.16 

.12 

.30 

.28 

.01 

.03 

.05 

.26 

1.5 

8.5 

-10"Z 

.38 

.25 

.16 

.12 

J5 

.63 

.04 

.03 

.27 

.07 

5.4 

1.6 

+.2< p 

.70 

.30 

.12 

.16 

1 .10 

.55 

.10 

“>  •> 

.04 

.02 

6.0 

27.2 

-.20 

1.55 

.65 

.16 

.12 

.80 

.55 

.17 

.10 

.04 

.04 

23.6 

6.3 

+.20 

.25 

.30 

.47 

1 .33 

.9 

.95 

.06 

.05 

.12 

.05 

5.6 

24.1 

-.20 

.20 

.10 

1.41 

.55 

1.15 

.70 

.04 

.06 

.02 

.08 

32.6 

7.0 

+.40 

.30 

.20 

.86 

2.1 1 

1.00 

1.00 

.10 

.07 

.17 

.14 

15.2 

39.1 

-.40 

.20 

.20 

2.35 

.78 

1.25 

.75 

.09 

1 1 

.07 

.14 

34.3 

11.9 

+.20 

.10 

.10 

0.0 

.12 

.45 

2.25 

.02 

.02 

.05 

.02 

52.1 

104.2 

.20 

.30 

.25 

.16 

.16 

1.65 

.55 

.03 

.02 

.04 

.06 

28 .4 

1 1 .8 

+ .40 

.25 

.37 

.25 

.43 

1.30 

2.81 

.12 

.14 

.05 

.07 

41.1 

130.2 

.40 

.30 

.18 

.24 

.59 

2.75 

1.75 

.05 

.07 

.07 

.1  1 

50.4 

22.0 

Notts.  — I Maximum  values  are  indicated 

2.  Units  rad/ sec1 . rad/sec’ . g,  p/sec 


The  lineat  motions  of  Y and  ?.  are  not  too  bad  as  far  as  inducing  extraneous  linear  accelerations. 
However,  by  almost  any  comparison  that  can  be  drawn,  the  angular  accelerations  arc  not  consistent  with 
desired  values.  Washout  values  are  excessive  and  cross-couplings  between  desired  platform  motions  and 
other  axes  are  alarming.  Cross-coupling  should  be  restricted  to  that  induced  by  the  software  package  logic 
where  desired  representations  for  platform  position  of  the  SAAC  are  as  follows: 

X = 4(2.25AV  sin  0) 

P aa 

V2(2rA  AYa>  360p 
zp=  :<i  + aZa> 
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0 =0.625  sin  0+0.3 1 25qA 


0p  = 0.|25pA 


<^p=  (I  /16)  (rA  ♦ ( 1/16)0  ) 
vvheic  pA,  qA,  and  rA  are  in  rad/see. 


Av  . Ay  . and  A-/  are  in  units  of  g. 
\\  ’ A ' \ 


(j  is  in  degrees. 


\p,  Yp.  and  Z are  in  inches.  (Note:  For  the  platform  equations.  Zp  is  positive  upwards.) 


0p.0p  and  tl/p  are  in  radians. 


Clearly,  the  lateral  and  longitudinal  modes  of  motion  should  not  be  coupled.  Table  4 shows  coupling, 
especially  pilch  inducing  yaw  which  indicates  the  motion  system  is  not  behaving  properly.  Much  of  this 
coupling  was  visually  evident  during  the  acquisition  of  the  data. 


Strip  chart  recordings  clearly  demonstrate  the  washout  problem.  The  washout  phase  of  the  motion 
which  is  supposed  to  be  below  a subliminal  level  is  almost  50  percent  of  the  cue  signal.  This  washout  is 
governed  by  a linear  washout  scheme,  and  the  problem  could  be  greatly  reduced  if  a nonlinear  washout 
scheme  similar  to  Parrish’s  was  employed  (Parrish  A Martin,  1975).  The  effect  vertical  motion  has  on  yaw 
and  roll  was  illustrated.  This  is  undesirable  and  no  yaw  or  roll  acceleration  should  be  observed  for  vertical 
motions.  Also,  the  slope  of  the  acceleration  curve  changes  abruptly  several  times  during  the  course  of  the 
cues.  The  cause  of  this  behavior  has  not  been  determined. 


Frequency  Response 

Linear  systems  theory  states  that  for  a sinusoidal  input  to  stable  linear  dynamic  systems  the  steady 
state  output  will  be  a sine  wave  of  the  same  frequency.  As  a result,  linear  dynamic  systems  may  be 
completely  characterized  by  the  smpiitude  ratio  and  the  phase  angle  of  the  output  as  a function  of  the 
frequency  of  the  input  signal.  One  graphical  representation  of  these  data  is  the  Bode  plot  where  the 
amplitude  is  expressed  as  log-magnitude,  Lm,  which  is  defined  as 


l.mfO)  = 20  U»gt  o I 


where  (i(icj)  is  the  transfer  function  of  the  process  relating  the  output  to  the  input 

Sinusoidal  position  responses  were  recorded  for  each  of  the  six  legs.  In  addition,  frequency  responses 
were  recorded  for  the  platform  acceleration  in  both  heave  and  pitch  for  small  amplitude  motion.  Bode  plots 
of  the  results  were  drawn. 


The  data  used  to  generate  these  Bode  plots  showed  several  interesting  features  that  cannot  be 
included  on  the  plots  themselves.  First,  at  frequencies  above  2 II/.  there  was  a noticeable  lack,  of  symmetry 
in  the  platform's  motion,  i.c..  the  amplitude  and  velocity  of  the  up  motion  was  less  than  the  down  motion. 
Also,  above  2 llz.  large  variations  developed  in  the  peak  amplitudes  at  a constant  frequency  and  higher 
harmonics  appeared  in  the  output.  Some  degradation  of  the  motion  occurred  at  input  frequencies  under  1 
Hz. 


Based  on  the  Bode  plots  and  the  time  histories  for  sinusoidal  inputs,  it  is  the  author's  opinion  that 
platform  motion  has  deteriorated  to  the  point  where  it  must  be  considered  non-linear  for  input  signals 
above  3 H/..  In  some  cases,  the  non-linear  aspect  of  the  motion  may  significantly  affect  results  at 
frequencies  as  low  as  0.5  llz. 


From  the  Bode  plots  for  low  frequencies  the  platform's  response  pretty  well  behaves  like  an 
overdamped  second  order  linear  s\  namie  system  with  a slight  difference  in  each  individual  leg.  Il  the  natural 
frequency  is  taken  as  the  l'rei|uenc>  when  the  phase  ancle  is  ‘»(i  degrees,  then  the  natural  frequencies  of  the 
six  legs  are  0.52. 0.62. 0.56. 0.5  1 , 0.61 . and  0.56.  respect ivel>  I he  Bode  plots  tor  accelerations  also  suggest 
an  ovetdamped  second-order  system  with  a nalui.il  frequence  ol  about  1/2  II/. 

Due  to  time  limitations,  no  attempt  was  made  lo  formulate  a mathematical  model  for  the  system 
from  the  bode  plots. 


VII.  < (>N<  l l SKINS  \NI)  Kl'COMMI  Nl>\  I IONS 

The  conclusions  to  he  drawn  from  this  effort  must  fust  he  prelaced  by  a statement  regarding  the 
utility  of  motion  systems  in  simulation  ol  highly  maneuverable  lighter  or  trainer-type  aircraft  Recent 
studies  in  this  area  have  produced  evidence  thai  seriously  questions  the  contribution  made  by  the  platloim 
motion  system  toward  enhancement  of  the  tiaining  effectiveness  ol  sunulatois  ol  this  type.  One  might 
conclude  that  the  physical  constraints  induced  by  being  bolted  to  floo.  and  lestrictions  to  leg  length 
extensions  preclude  imparting  cues  of  sufficient  magnitude  and  duration  to  be  discernible  lo  the  sensory 
system  of  the  human  body.  Since  in  the  case  of  the  SAAC.  the  movement  ol  the  motion  platform  is 
distracting  and.  in  the  opinion  o I the  Instructor  Pilots  ulili/irig  the  device,  does  not  accurately  replicate  the 
“feel"  of  the  aircraft,  it  is  no  longer  being  used  in  the  training  program. 

From  this  investigation  it  has  been  determined  the  SAAC  motion  system  is  not  peilotnung  at  a level 
sufficient  for  training  purposes.  Before  future  employment  of  the  system,  should  the  lequiiemenl  anse. 
there  are  four  areas  where  deficiencies  should  be  assessed  foi  possible  collective  action  I list,  the  present 
motion  hardware  is  not  mechanically  functioning  properly  and  should  be  “tuned  up"  to  speed icat ions 
Specific  problems  that  shouid  be  remedied  are  the  cross-couplings  ol  motions  and  the  abiuptness  ol  ccitam 
modes  of  motion.  Secondly,  there  >s  a question  of  whether  the  hardware  has  the  basic  capability  ol  meeting 
Military  Standard  155S  which  governs  motion  platloim  systems.  The  thud  aiea  is  in  the  sottware  package 
associated  with  the  SAAC;  as  an  example,  the  present  logic  calls  lot  the  acceleration  of  (lie  platform 
centroid,  rather  than  a point  corresponding  to  the  pilot  The  fourth  aiea  that  needs  unpiovement  is  in  the 
basic  simulator  logic  and  concerns  the  best  method  to  present  cues  to  the  pilot,  fot  example,  a non-linear 
washout  scheme  should  greatly  improve  the  illusion  of  aircraft  motion 
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APPENDIX  A DESCRIPTION  OF  TEST  EQUIPMENT  USED  IN  THIS  STUDY 


1 . 50  rad/sec2  angular  accelerometers.  Schaevitz  Engineering  Model  ASBC 39-50: 

a.  Yaw  axis  Serial  No.  3372G. 

b.  Roll  axis  Serial  No.  3373G. 

2.  2-g  linear  accelerometers,  Schaevitz  Model  LSBC-2: 

a.  Y axis  Serial  No.  3672. 

b.  Front  mount  for  pitch  axis  Serial  No.  3681 . 

c.  Rear  mount  for  pitch  axis  Serial  No.  3679. 

3.  Cannister  No.  5 with  3 orthogonally  mounted  5g linear  accelerometers  supplied  by  Air  Force  Weapons 
Laboratory,  Kirtland  AFB,  as  described  in  Technical  Note  No.  DF.-TN-76-016.  Accelerometers  were 
manufactured  by  Enderco. 

4.  Gould  six  channel  brush  recorder  Model  260. 

5.  Two  Lambda  power  supplies.  Models  LP-522-FM  (0-40  volts)  and  LP-521  -FM  (0-20  volts). 

6.  Function  Generator,  Hewlett-Packard  Model  3310B. 

7.  Time  Code  Generator,  Model  Hi-188-632. 

8.  14  channel  FM  tape  recorder,  SANGAMO  Sabre  VI  Model  632,  Tape  Transport  Serial  No.  6221, 
recorder  Serial  No.  772. 

9.  Amplifier  - Filters  built  around  747  amplifiers.  All  signals  have  a 30  Hz,  one-half  power  frequency. 
The  angular  accelerometers  have  a gain  of  20,  the  linear  2g  has  a gain  of  4,  the  difference  circuit  (used  for 
pitch  accelerations)  has  a unity  gain,  and  the  cannister  accelerometers  have  a gain  of  10. 


Note:  Linear  accelerometers  were  cross-checked  against  each  other  while  the  angulars  were  checked  with 
the  difference  circuit.  The  scale  factors  for  the  accelerometers  are  as  follows: 

Cannister  Ax  = 8.25  volts/g 

Ay  = 8.25  volts/g 

A z = 8.35  volts/g 

Linear  2g  A = 10.00  volts/g 

Angulars  as  = 2.00  volts/rad/sec2 

Difference  a = 1 .28  volts/rad/sec2 
(pitch) 


. 'in 
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